Aquaporin-4 (AQP4), the principal water channel in astrocytes, is involved in brain water movement, inflammation, and neuroexcitation. In this study, there was strong neuroprotection in mice lacking AQP4 in a model of global cerebral ischemia produced by transient, bilateral carotid artery occlusion (BCAO). Survival and neurological outcome were greatly improved in the AQP4 ؊/؊ vs. AQP4 ؉/؉ mice after occlusion, with large and robust differences in both outbred (CD1) and inbred (C57bl/6) mouse strains without or with mechanical ventilation. Improved survival was also seen in mice lacking the scaffold protein ␣-syntrophin, which manifest reduced astrocyte water permeability secondary to defective AQP4 plasma membrane targeting. Intracranial pressure elevation and brain water accumulation were much reduced in the AQP4 ؊/؊ vs. AQP4 ؉/؉ mice after carotid artery occlusion, as were blood-brain barrier (BBB) disruption and neuronal loss. Brain slices from AQP4 ؊/؊ mice showed significantly reduced cell swelling and cytotoxicity in response to oxygen-glucose deprivation, compared with slices from AQP4 ؉/؉ mice. Our findings suggest that the neuroprotective effect of AQP4 deletion in global cerebral ischemia involves reduced astrocyte swelling and brain water accumulation, resulting in reduced BBB disruption, inflammation, and neuron death. AQP4 water transport inhibition may improve survival and neurological outcome after cardiac arrest and in other conditions associated with global cerebral ischemia.-Katada, R., Akdemir, G., Asavapanumas, N., Ratelade, J., Zhang, H., Verkman, A. S. Greatly improved survival and neuroprotection in aquaporin-4 knockout mice following global cerebral ischemia. FASEB J. 28, 000 -000 (2014). www.fasebj.org Key Words: water channel ⅐ brain swelling ⅐ astrocyte ⅐ neuroscience The brain is very sensitive to ischemic injury, which limits the effectiveness of resuscitation after cardiac arrest. In adult humans, successful resuscitation is uncommon after 5 min of cardiac arrest (1). The sensitivity of brain tissue to ischemic injury is a major concern in neurological and cardiac surgical procedures that can be associated with transient ischemia, such as brain aneurysm repair, carotid endarterectomy, and cardiac surgery without bypass. Brain ischemia is thought to trigger a series of events leading to neuron death, including disruption of transmembrane ion gradients, cell swelling, excitotoxicity, inflammation, and apoptosis (2, 3).
The brain is very sensitive to ischemic injury, which limits the effectiveness of resuscitation after cardiac arrest. In adult humans, successful resuscitation is uncommon after 5 min of cardiac arrest (1) . The sensitivity of brain tissue to ischemic injury is a major concern in neurological and cardiac surgical procedures that can be associated with transient ischemia, such as brain aneurysm repair, carotid endarterectomy, and cardiac surgery without bypass. Brain ischemia is thought to trigger a series of events leading to neuron death, including disruption of transmembrane ion gradients, cell swelling, excitotoxicity, inflammation, and apoptosis (2, 3) .
Motivated by the idea that cell swelling and brain water accumulation are central initiating events in ischemic injury, we hypothesized that deletion of water channel aquaporin-4 (AQP4) is neuroprotective in global cerebral ischemia. AQP4 is a water-selective transporting protein expressed in astrocytes throughout the central nervous system, with concentration in foot processes at the blood-brain barrier (BBB; refs. 4, 5) . We previously generated mice lacking AQP4 (AQP4 Ϫ/Ϫ mice; ref. 6 ) and found improved neurological outcome in models of cytotoxic brain edema, including acute water intoxication and focal ischemia produced by permanent middle cerebral artery occlusion (7) . Cytotoxic brain edema results from water movement into brain tissue across an initially intact BBB, which can follow from osmotic gradients (in water intoxication), cellular Na ϩ /K ϩ pump dysfunction (in ischemia), or both. The improved outcomes in AQP4 Ϫ/Ϫ mice were ascribed to reduced water permeability of astrocytes and of the BBB (7) (8) (9) , resulting in reduced astrocyte swelling and brain water accumulation, respectively. We have also reported reduced brain inflammation in AQP4 Ϫ/Ϫ mice in experimental autoimmune encephalomyelitis and after intracerebral lipopolysaccharide (LPS) administration (10) , which may further confer neuroprotection in ischemic brain in-jury. AQP4 Ϫ/Ϫ mice also manifest altered neuroexcitation during seizure activity (11) , cortical spreading depression (12) , and neurosensory signaling (13, 14) that may be related to altered extracellular space (ECS) K ϩ dynamics (15) . In this study, we investigated the potential neuroprotective effect of AQP4 gene deletion in a mouse model of global cerebral ischemia produced by transient, bilateral carotid artery occlusion (BCAO). This occlusion model has been used in mice to study mechanisms of neuronal damage and cognitive impairment after ischemia (16, 17) . We found markedly improved survival and neurological outcome after BCAO in AQP4 Ϫ/Ϫ mice. Mechanistic studies implicated a central role of astrocyte water permeability in the neuroprotective effect of AQP4 deficiency, which was responsible for reduced astrocyte swelling, brain edema, BBB disruption, and inflammation. The significant neuroprotection in global cerebral ischemia conferred by reduced astrocyte water permeability provides proof of concept for the development of a new class of neuroprotective therapeutics targeting AQP4 water permeability.
MATERIALS AND METHODS

Mice
Experiments were performed in male AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice (age 8 -12 wk; weight 25-30 g) on CD1 and C57bl/6 genetic backgrounds (6) . Some experiments were performed in ␣-syntrophin-knockout mice on a C57bl/6 background (Jackson Laboratory, Bar Harbor, ME, USA). Animal studies were approved by the University of California-San Francisco Committee on Animal Research. Neurological scoring was assessed with a standard scoring system (18) , with a maximum score of 12 (control mice) and minimum score of 0 for live but comatose mice. Scoring included 6 factors: level of consciousness, corneal reflex, respirations, righting reflex, coordination, and movement and activity; each scored 0, 1, or 2.
Transient BCAO
The mice were anesthetized with Avertin (2,2,2-tribromoethanol; 125 mg/kg, i.p.). After deep anesthesia was confirmed, a horizontal skin incision was made in the anterior neck, and the thymus and sternocleidomastoid muscles were retracted to expose the common carotid arteries. Both carotid arteries were clipped at nearly the same time with a microclip applicator with a lock (Fine Science Tools, Foster City, CA, USA) with a microserrefine clamp-curved/17 mm (jaw pressure, 100 g), at the level of the middle sternocleidomastoid muscle. After the specified occlusion time, both clips were removed at nearly the same time with clip forceps, and the neck skin was sutured. In some experiments, the mice were mechanically ventilated via a tracheostomy with a 20-gauge catheter (respiratory rate, 120/min; tidal volume, 0.6 ml, room air). Core body temperature was maintained at 36.5-37.5°C with a heated pad and overhead lamp. Cerebral blood flow (CBF) was measured in both hemispheres of the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice before and 1 min after occlusion and 5 min after reperfusion, with a noninvasive laser Doppler probe (Vasamedics, Eden Prairie, MN, USA).
Intracranial pressure (ICP) measurement
ICP was measured as described previously (19) . Briefly, after deep anesthesia, the mouse was immobilized in a stereotactic frame. After a midline skull skin incision and removal of the periosteum, a craniectomy was made with a Foredom highspeed drill (45,000 rpm; 1 mm stainless-steel burr; Blackstone Industries, Bethel, CT, USA) to visualize the intact dura. Drilling was performed 0.5 mm caudal to the bregma and 1 mm right lateral to the midline. A pressure transducer (1 mm diameter, TSD104A; Biopac Systems, Santa Barbara, CA, USA) was placed into the temporal brain tissue and interfaced to a recording system (MP100A-CE; Biopac Systems). After sensor placement was confirmed, the mouse was removed from the stereotactic frame and carotid artery occlusion was performed.
Brain water content measurement
After anesthesia, the mice were killed by cervical dislocation, and the brain was removed, weighed immediately (wet weight), and dried in a vacuum oven (Model 5851; Napco, Chicago, IL, USA) at 121°C for 24 h. The dried brains were reweighed (dry weight). Brain water content was calculated as (wet weight Ϫ dry weight)/wet weight ϫ 100.
Immunohistochemistry
Brains were removed at 24 h after 5 min of BCAO. The mice were perfused with 20 ml of PBS and then 10 ml of 4% paraformaldehyde (PFA) via the left cardiac ventricle. Paraffin-embedded sections (5 m thick) were dewaxed twice in xylene and rehydrated in graded ethanols. After immersion in blocking buffer (1% BSA), the sections were immunostained at room temperature for 1 h with rabbit anti-AQP4 Sections were also stained with hematoxylin and eosin (H&E). Tissue sections were examined with a Leica DM 4000 B microscope (Leica Microsystems, Wetzlar, Germany).
Evans blue dye extravasation
Evans blue extravasation was measured as described previously (20) . Briefly, 1 h before brain removal, 4% Evans blue dye in PBS (160 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) was injected intravenously. At 10 min after 4.5 min of BCAO, the mouse was killed, and the left ventricle was perfused with 20 ml PBS. The brain was removed, weighed, and immersed overnight in 2 ml formamide (Sigma-Aldrich) at 55°C, to extract the Evans blue dye, which was qualified by optical absorbance at 610 nm against Evans blue/formamide standards. Data are reported as Evans blue (mg)/ brain weight (g).
(Kinematica, Luzern, Switzerland) in 5 volumes of extraction buffer (25 mM HEPES, 0.15 M NaCl, 2 mM EDTA, 1 mM EGTA, and protease inhibitor cocktail; Sigma-Aldrich). The homogenate was centrifuged at 1000 g for 10 min at 4°C and the supernatant at 20,000 g for 40 min at 4°C. The protein concentration was assayed (BCA kit). Cytokine measurements were made with a 20-plex mouse cytokine assay (for FGF, GM-CSF, IFN-␥, IL-1␣, IL-1␤, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40/70, IL-13, IL-17, IP-10, KC, MCP-1, MIG, MIP-1␣, TNF-␣, and VEGF) according to the manufacturer's instructions (Luminex kit, Biosource-Life Technologies, Camarillo, CA, USA).
Hippocampal slice measurements
Acutely prepared hippocampal slices were used for measurements of ECS volume (21) . Adult mice (CD1 background, age 8 -10 wk) were anesthetized and decapitated. Hippocampal slices of 300 m thickness were cut on a vibratome (VT-1000S; Leica) in ice-cold sucrose-cerebrospinal fluid containing (in mM) 206 sucrose, 2.8 KCl, 1 CaCl 2 , 1 MgCl 2 , 2 MgSO 4 , 1.25 NaH 2 PO 4 , 10 d-glucose, 10 Na pyruvate, and 26 NaHCO 3 (320 mosmol, pH 7.4, saturated with 5% CO 2 /95% O 2 ). The slices were then incubated in artificial cerebrospinal fluid (aCSF) consisting of (in mM) 124 NaCl, 2 CaCl 2 , 5 KCl, 1 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, in 5% CO 2 /95% O 2 , at 35°C for Ն1 h before measurements. To measure the ECS volume, we incubated the slices for 30 min in aCSF containing 100 M calcein and then immobilized and perfused them with the same solution in an open bath chamber (RC-26; Warner Instruments, Hamden, CT, USA) maintained at 35°C. An optical microfiber with a micrometersized etched tip was placed in the CA1 area of the hippocampus, 50 -100 m beneath the surface. Oxygen-glucose deprivation (OGD) was induced by switching the perfusion to a d-glucose-deficient buffer (in mM: 124 NaCl, 2 CaCl 2 , 5 KCl, 1 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 sucrose, and 100 M calcein) equilibrated with 95% N 2 /5% CO 2 for 10 min at 35°C.
To measure cytotoxicity after OGD, we generated organotypic hippocampal slice cultures from 7-d-old mice and maintained them in an interface culture in which 8 slices were cultured on each 30-mm Millicell-CM 0.4-m-pore membrane culture insert (Millipore; ref. 22) . Before OGD, the inserts were equilibrated in 1 ml aCSF saturated with 5% CO 2 /95% O 2 for 2 h in 6-well plates. To induce OGD, we transferred the inserts to a new 6-well plate containing 1 ml of d-glucose-deficient buffer and sealed in a modular incubator hypoxia chamber (MIC-101; Billups-Rothenberg, Inc., San Diego, CA, USA) with 95% N 2 /5% CO 2 at 37°C for 30 min. The medium was then collected for an LDH assay (Roche Diagnostics, Indianapolis, IN, USA). To test the effects of oxygen and glucose reperfusion, we returned the OGD-treated inserts to aCSF saturated with 5% CO 2 /95% O 2 for 6 h, and the medium was assayed for LDH.
Statistical analysis
Significance in the cumulative survival studies was determined with the log-rank test. Other data are expressed as means Ϯ se (generally, 4 -6 mice/group). A significant difference was defined as P Ͻ 0.05. Group comparisons were made by 1-way ANOVA with Scheffé's post hoc test or Student's t test.
RESULTS
Improved survival and neurological outcome in AQP4
؊/؊ mice after BCAO An initial set of BCAO studies was performed without mechanical ventilation, to compare adult AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice on an outbred (CD1) genetic background. Figure 1A (left panel) summarizes percentage survival at 6 h after BCAO for different times, showing much-improved survival in the AQP4 Ϫ/Ϫ mice, with 50% survival at Ͻ5 min occlusion time for the AQP4 ϩ/ϩ mice and at Ͼ6.5 min for the AQP4 Ϫ/Ϫ mice. Neurological outcome, as assessed by a multifactorial neurological score, was much improved in the surviving AQP4 Ϫ/Ϫ mice (Fig. 1A, middle panel) . Figure 1A (right panel) summarizes cumulative survival as a function of time after occlusion for 4 occlusion times, showing that many of the mice that died did so soon after occlusion. CBF was measured in the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ CD1 mice before, during, and after occlusion. Figure 1B shows an ϳ85% reduction in CBF in both the left and right brain cortex during occlusion and an increase to original levels after reperfusion. No differences in CBF were found between the AQP4 ϩ/ϩ and the AQP4 Ϫ/Ϫ mice. We also confirmed similar vascular gross anatomy, as reported previously (7) in the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice, as visualized after intravascular ink injection (data not shown).
The poor survival of AQP4 ϩ/ϩ mice in Fig. 1A was unexpected because reported BCAO studies in CD1 mice (23) and in inbred C57bl/6 mice (17) have shown survival after tens of minutes of occlusion. After performing preliminary survival studies in C57bl/6 mice that were in agreement with the published data, we compared survival in the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice after 45 min of BCAO. Whereas most AQP4 ϩ/ϩ mice died at 6 h, there was no mortality in the AQP4 Ϫ/Ϫ mice (Fig. 1C) .
We postulated that the poor survival of the AQP4 ϩ/ϩ mice in the BCAO model in Fig. 1A was related to high sensitivity of the brainstem respiratory center in CD1 mice to ischemia, which was supported by observations of respiratory distress during occlusion. After conducting preliminary survival studies in mechanically ventilated CD1 mice, we compared survival after 30 min of BCAO, in which the mice were mechanically ventilated during the occlusion, and for 15 min thereafter. Figure  1D shows reduced mortality in the AQP4 Ϫ/Ϫ CD1 mice, supporting the involvement of respiratory depression in mouse mortality in Fig. 1A. (A prior BCAO occlusion study was performed in mechanically ventilated CD1 mice; ref. 23.) We conclude that, regardless of the details of the model or the mouse strain, AQP4 deletion confers strong neuroprotection after transient global ischemia, with improved mouse survival.
BCAO studies were also performed in ␣-syntrophin Ϫ/Ϫ mice, which were available on a C57bl/6 genetic background. These knockout mice manifest a secondary AQP4 cellular mislocalization that may be related to loss of a macromolecular complex containing AQP4, ␣-syntrophin, and other proteins (24) and hence represent an independent model of reduced astrocyte water permeability. Figure 1C shows greatly improved survival of the ␣-syntrophin Ϫ/Ϫ mice in the 45 min BCAO model, as found in the AQP4 Ϫ/Ϫ mice.
Reduced brain swelling in the AQP4 ؊/؊ mice after BCAO
We postulated that there would be reduced brain swelling in the AQP4 Ϫ/Ϫ mice after BCAO, as prior data indicate that AQP4 is the major water transport pathway in the astrocyte plasma membrane and at the BBB (4). A group of 5 AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice on a CD1 genetic background were subjected to BCAO for 4.5 min without mechanical ventilation, as in Fig. 1A , and brain water was measured 10 min later by determination of the wet-to-dry weight ratio. Figure 2A (top panel) shows similar brain water content in the control (untreated), AQP4 ϩ/ϩ , and AQP4 Ϫ/Ϫ mice, but greatly increased brain water content in the AQP4 ϩ/ϩ mice after BCAO. Figure 2A (bottom panel) summarizes the difference in brain water content in the BCAO treatment vs. control groups. Remarkably, brain water did not increase significantly in the AQP4 Ϫ/Ϫ mice. Brain water measurements were also made in CD1 mice with the mechanical ventilation protocol (as in Fig. 1D ), in which brain water was measured at 15 min after 30 min of occlusion. As found in the nonventilated mice, BCAO produced significantly greater brain water accumulation in the ventilated AQP4 ϩ/ϩ vs. the AQP4 Ϫ/Ϫ mice. A major consequence of excess brain water accumulation is increased ICP. ICP was measured by a pressure microtransducer inserted into the brain parenchyma. Figure 2B (top panels) shows representative ICP recordings after 4.5 min of BCAO in nonventilated AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice on a CD1 genetic background. The transient elevation in ICP was significantly greater in the AQP4 ϩ/ϩ mice, as summarized for a series of mice in Fig. 2B (bottom panels).
Reduced BBB disruption in AQP4
؊/؊ mice after BCAO Disruption of the BBB is another significant consequence of cerebral ischemia. BBB integrity was determined by Evans blue dye extravasation in the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice on a CD1 genetic background subjected to 4.5 min of BCAO without mechanical ventilation (as in Fig. 1A) . Dye extravasation was measured at 10 min and 6 h after BCAO, in which Evans blue was injected intravenously 1 h before brain removal. Figure 2C shows minimal Evans blue extravasation in untreated mice, with greatly increased extravasation in the AQP4 ϩ/ϩ mice at 10 min after BCAO. There was little difference in dye extravasation in the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice at 6 h. 
Reduced cell death and mildly reduced inflammation in AQP4
؊/؊ mouse brain after BCAO An immunofluorescence assay was performed in brains from the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice on a C57bl/6 background at 24 h after 30 min of BCAO, to examine astrocyte markers (AQP4 and GFAP) and myelin (MBP). Figure 3A shows similar AQP4, GFAP, and MBP immunofluorescence in control vs. AQP4 ϩ/ϩ mice after BCAO, with similar GFAP and MBP immunofluorescence in the AQP4 Ϫ/Ϫ mice after BCAO. Therefore, as expected, astrocyte damage and demyelination were not prominent features of the BCAO model used in this study.
Apoptosis is often seen in models of cerebral ischemia in mice (25) , and we therefore stained brain sections with an antibody (Asp175) against cleaved caspase-3. Figure 3B shows greater antibody staining in the brains of the AQP4 ϩ/ϩ vs. the AQP4 Ϫ/Ϫ mice after BCAO, particularly in the hippocampus, where ischemic changes are generally seen. H&E-stained hippocampal sections showed greater loss of pyramidal neurons in the CA1 region in the AQP4 ϩ/ϩ than in the AQP4 Ϫ/Ϫ mice after BCAO (Fig. 3C, top panels) , which, as shown by the NeuN staining, represents neuronal loss (Fig. 3C, bottom panels) .
The potential involvement of brain inflammation in the neuroprotective effect of AQP4 deletion was studied by inflammatory marker immunofluorescence and brain cytokine concentration. Activation of microglia was seen in the nonventilated AQP4 ϩ/ϩ CD1 mice at 24 h after 5 min of BCAO, as assessed by Iba1 immunofluorescence (Fig. 4A, top panels) . Iba1 immunofluorescence was largely absent in the control mice and was minimal in the AQP4 Ϫ/Ϫ mice after BCAO. Little or no accumulation of leukocytes was seen in the brains of the AQP4 ϩ/ϩ or AQP4 Ϫ/Ϫ mice at 24 h after 5 min of BCAO, as assessed by CD45 immunocytochemistry (Fig.  4A , bottom panels). As a control, marked microglial activation and accumulation of CD45-positive leukocytes were seen after a brain injury produced by needle insertion (Fig. 4A, right panels) . Cytokine concentrations were measured in brain homogenates of the AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice at 6 h after 5 min of BCAO. Forty percent of mice in the AQP4 ϩ/ϩ group died by 6 h (no AQP4 Ϫ/Ϫ mice died), and the data are therefore from the live mice. Cytokine assays showed small but significant elevations in IL-6 and IL-17 in the AQP4 ϩ/ϩ mice after BCAO, with no significant cytokine elevations in the AQP4 Ϫ/Ϫ mice after BCAO. As a positive control, intraperitoneal injection of 10 g LPS increased IL-6 ϳ10-fold in brain homogenates (data not shown), in agreement with published data (26) .
Reduced cell swelling and cytotoxicity in brain slices from AQP4
؊/؊ mice after anoxia
To further investigate AQP4-dependent mechanisms of neuroprotection in global ischemia, we measured cell swelling in acutely prepared brain slices from adult AQP4 ϩ/ϩ and AQP4 Ϫ/Ϫ mice on a CD1 genetic background. After a stabilization period, brain slices were subjected to OGD for 10 min by exposure to a d-glucose-deficient buffer equilibrated with a 95% N 2 /5% CO 2 (27) . Cell swelling was determined by the ECS volume fraction, which was measured by a microfiberoptic method developed by our laboratory in which calcein dye fluorescence is measured with an optical microfiber with a micrometer-sized tip that is inserted into the tissue slice through the overlying solution (21) . The ECS volume fraction (␣) is equal to the ratio of dye molecules per unit volume in the slice to that in the external solution. Cell swelling causes ECS shrinkage and hence reduced ␣ OGD . Measurements were performed in the CA1 area of the hippocampus, which is reported to be the most sensitive to global ischemia (28 -30) . Figure 5A (left panel) shows a continuous decrease in ␣ OGD in both the AQP4 ϩ/ϩ and the AQP4 Ϫ/Ϫ hippocampal slices during the 10 min of OGD. Little change was seen in control (not OGDexposed) brain slices. Baseline ␣ in the hippocampus was slightly greater in the AQP4 Ϫ/Ϫ vs. AQP4 ϩ/ϩ slices, as reported before (21, 31) . Fig. 5A (right panel) shows significantly greater relative ECS shrinkage, indicating more brain cell swelling in OGD-exposed AQP4 ϩ/ϩ vs. AQP4 Ϫ/Ϫ brain slices. Cytotoxicity in response to OGD was measured by LDH release from organotypic hippocampal slice cultures, an approach used widely to study OGD-induced death of pyramidal neurons in the CA1 region (32, 33) . After 7 d of culture, the hippocampal slices showed preserved CA1 structure and AQP4 expression (22) . The slices were subjected to 30 min OGD followed by a 6 h return to normal oxygen-glucose (reperfusion). Figure 5B shows significantly greater LDH release from AQP4 ϩ/ϩ slices than from AQP4 Ϫ/Ϫ slices after 30 min of OGD, although there was no significant difference after 6 h.
DISCUSSION
We found strong neuroprotection conferred by AQP4 gene deletion in a mouse model of global cerebral ischemia produced by transient BCAO. The differences were large and robust, as the neuroprotective effect was mouse strain independent and was seen in both mechanically ventilated and nonventilated mouse models. The neuroprotection in a mouse model of secondary AQP4 insufficiency produced by ␣-syntrophin knockout suggests that it is loss of AQP4-facilitated water transport that confers neuroprotection in global cerebral ischemia. As diagrammed in Fig. 6 , the AQP4 water transport function is involved in water accumulation in astrocytes and whole brain during ischemia, resulting in astrocyte and brain swelling. Reduced astrocyte water permeability in AQP4 deficiency attenuates these responses. Our prior data indicate that AQP4 is the principal water transporter in the astrocyte plasma membrane (8) and at the BBB (7, 9) . Secondary consequences of reduced astrocyte swelling and brain water accumulation, as found in our study, included reduced ICP elevation, BBB disruption, cytotoxicity, and inflammation, each of which can contribute to the neuroprotection conferred by AQP4 deficiency.
The experiments in brain slices, in which there is no BBB, support the involvement of astrocyte swelling in anoxic brain injury. Early in anoxia, cellular energy depletion leads to the failure of ATP-dependent ion transport mechanisms, resulting in neuronal excitotoxicity, with accumulation of glutamate and potassium in the ECS (2, 3) . Net ion influx into astrocytes during anoxia drives water influx through AQP4, which accel- erates astrocyte swelling (27, 34) . Astrocyte swelling is reported to be one of the earliest morphologic changes in the ischemic brain (35) . We found substantially greater reduction in ECS volume in hippocampal slices of the AQP4 ϩ/ϩ than from those of the AQP4 Ϫ/Ϫ mice during anoxia, largely due to greater astrocyte swelling, which resulted in greater LDH release as a consequence of cell damage.
We previously reported reduced brain inflammation in AQP4 Ϫ/Ϫ in models of experimental autoimmune encephalomyelitis and intracerebral LPS administration (10) . Prior studies of global ischemia in rodents suggest the involvement of inflammation in the development of ischemic lesions (2, 36) , with microglial activation and elevation of proinflammatory cytokines such as TNF-␣ (37, 38). We found in the current study modest microglial activation in mice after BCAO, which was reduced in AQP4 deficiency, although there was minimal leukocyte infiltration. Modest elevations in the brain cytokines IL-6 and IL-17 were also found in the AQP4 ϩ/ϩ mice, but not in the AQP4 Ϫ/Ϫ mice after BCAO. Although these studies support the involvement of AQP4-dependent inflammation in the model that we used, inflammation probably plays a relatively minor role compared with AQP4-dependent astrocyte swelling and brain water accumulation.
The BCAO model has been widely used to study the mechanisms of neuron death and cognitive impairment after ischemia. Severe global ischemia is produced by 5 min of BCAO in gerbils, where the posterior communicating artery is absent or poorly developed, leading to neuronal death primarily in the hippocampus, astrocyte activation, and later, myelin loss (39) . In rats, global ischemia has been induced by occlusion of both common carotid arteries and both vertebral arteries (usually after 10 -20 min of occlusion), producing neuronal damage and oligodendrocyte apoptosis (40) . In mice, a transient BCAO model was used in the C57bl/6 strain, which is reported to be more susceptible to ischemia than are other strains (41), because of poor anastomosis between the carotid and vertebrobasilar circulation (42) . Similar to our current data, 20 -30 ϩ/ϩ and AQP4 Ϫ/Ϫ mice after 30 min of OGD and at 6 h after return of slices to normal oxygen-glucose levels (reperfusion; 8 slices/plate insert, 4 inserts/group). *P Ͻ 0.05. . AQP4-dependent mechanisms of neuroprotection in global cerebral ischemia. In the normal brain, astrocytes occupy a strategic position between capillaries and neurons. Perivascular astrocytic end-feet at the BBB maintain brain ion and water homeostasis. In the ischemic brain, AQP4 facilitates astrocyte swelling and water movement across the BBB, producing multiple deleterious responses (red labels).
min of BCAO in C57bl/6 mice produced extensive hippocampal cell death (41) . Oligodendrocyte injury and myelin loss were also seen, but only several days after BCAO (43) . We found in the current study that CD1 mice were also quite sensitive to BCAO, in agreement with a prior report of hippocampal injury in ventilated CD1 mice after 10 min of BCAO (44) . Our results suggest the utility of AQP4 water transport inhibition or down-regulation of AQP4 protein expression at the astrocyte cell surface for neuroprotection in cerebral ischemia. Although a variety of compounds have been reported to inhibit AQP4 water permeability, including carbonic anhydrase inhibitors, antiepileptics, salts such as tetraethylammonium, and even anti-AQP4 autoantibodies in neuromyelitis optica (45) (46) (47) , subsequent studies did not confirm bona fide inhibition by these compounds or antibodies (48, 49) . It was speculated that the apparent inhibition was an artifact of the oocyte swelling assay. Most toxic insults to the brain, such as ischemia, trauma, and infection, cause up-regulation of AQP4 expression (4) . Inhibitors of AQP4 water permeability or of AQP4 expression in astrocytes may provide neuroprotection in cerebral ischemia.
In summary, we found marked neuroprotection in mice, conferred by AQP4 deficiency after transient global cerebral ischemia. The low water permeability of the astrocyte cell plasma membrane and the BBB in AQP4 deficiency resulted in reduced astrocyte and brain swelling, which attenuated pathogenic secondary responses, such as BBB disruption and inflammation, leading to neuronal dysfunction and death. Our results suggest the possibility of AQP4-targeted therapeutics to extend the duration of cerebral ischemia associated with favorable neurological outcomes. AQP4 
